Materials with a very low or tailored thermal expansion have many applications ranging from cookware to the aerospace industry. Among others, lithium aluminosilicates (LAS) are the most studied family with low and negative thermal expansion coefficients. However, LAS materials are electrical insulators and have poor mechanical properties. Nanocomposites using LAS as a matrix are promising in many applications where special properties are achieved by the addition of one or two more phases. The main scope of this work is to study the sinterability of carbon nanofiber (CNFs)/LAS and CNFs/alumina/LAS nanocomposites, and to adjust the ratio among components for obtaining a near-zero or tailored thermal expansion. Spark plasma sintering of nanocomposites, consisting of commercial CNFs and alumina powders and an ad hoc synthesized β-eucryptite phase, is proposed as a solution to improving mechanical and electrical properties compared with the LAS ceramics obtained under the same conditions. X-ray diffraction results on phase compositions and microstructure are discussed together with dilatometry data obtained in a wide temperature range (−150 to 450
Introduction
A very low or controlled thermal-expansion property is required to achieve high precision in modern industries, such as optics, microelectronics and energy transformation, to reduce measurement errors due to thermal deformation [1, 2] . The relevant materials are of great interest because their coefficient of thermal expansion (CTE) can be controlled by adjusting their chemical composition. While most materials expand upon heating, some contract [3, 4] ; in particular, cordierite, aluminum titanate, zirconium tungstate, β-eucryptite and β-spodumene are well known for their low or negative thermal expansion coefficient [3, [5] [6] [7] .
The development of materials with near-zero or controlled CTE in a wide temperature range is a difficult task. The lithium aluminosilicate family (LAS) is the most studied system composed of materials with very low CTE. Glass-ceramics based on the LAS system are currently used in components with low thermal expansion. However, the temperature range where CTE is close to zero is very narrow, and the mechanical properties of these materials are poor, particularly at elevated temperatures. Consequently, ceramic materials without glass components are a very attractive alternative. Eucryptite and spodumene are the most used and studied phases exhibiting these characteristics, with β-eucryptite having the largest negative CTE in the LAS system [8, 9] . These materials have low-temperature invariant points, and therefore are difficult to sinter into dense ceramic bodies owing to the easy formation of a vitreous phase [10] [11] [12] . For this reason, they are usually employed as glass-ceramic composites [4, [13] [14] [15] . Since the ceramic materials obtained in this system by pressureless sintering have poor mechanical properties (in particular, low Young's moduli), a possible solution is to apply unconventional sintering methods. Spark plasma sintering (SPS) is one of such methods allowing to obtain relatively dense materials with very low amounts of a glassy phase [16] . This technique is proposed in this work as a possible solution to producing LAS ceramics with improved mechanical properties.
SPS opens a wide variety of possibilities in the design of nanocomposites as it can produce dense composites and allows grain growth control during sintering. Previous studies revealed a necessity for the control of the sinterability of LAS composites and for the design of compositions with a low and tunable CTE [17] . The latter goal can be achieved by mixing β-eucryptite with various positive-thermal-expansioncoefficient materials.
New materials with controlled CTE (and other properties) can be obtained by adjusting the volume fractions of different phases and sintering them by SPS at various temperatures. One of the main limitations of LAS-based low-CTE materials is their insulating nature. Shaping these materials would be facilitated if they could be processed by electrical discharge machining (EDM), which requires electrical resistivity below 100 cm. This property is important because EDM allows the production of samples with complex geometries and very good surface finishing and can be applied to materials with a wide range of hardness. EDM offers several other advantages over traditional machining methods, such as low processing costs.
In this work, carbon nanofibers (CNFs) were used as the conductive phase and alumina as the mechanical reinforcement in the novel CNFs/LAS and CNFs/alumina/ LAS nanocomposites, and the thermal expansion, mechanical and electrical properties of these composites were evaluated.
Experimental procedures

Materials
A β-eucryptite solid solution (hereafter referred to as LAS) with the chemical composition 1 : 1.01 : 3.11 Li 2 O : Al 2 O 3 : SiO 2 was synthesized as described in our previous work [18] . The resulting powder was composed of β-eucryptite with traces of quartz and spodumene and had an average grain size of 1 µm. Its CTE properties were reported in [18] and used in designing composites with low, tunable expansion in a wide temperature range.
The raw material used in this study as a second phase was commercial CNFs with an average outer diameter of 20-80 nm and a length exceeding 30 µm. These CNFs were grown from a vapor phase [19] nanopowder (Taimei TM-DAR Chemicals Co. Ltd, Japan) with an average particle size of 160 nm and a purity of 99.99%. The powder mixtures were dispersed in ethanol (Panreac Quimica) and processed with a high-energy attrition mill (Union Process, USA) for 1 h at 400 rpm, using alumina balls of 2 mm diameter. After milling, the resultant homogeneous slurries were dried at 60
• C and sieved through a 60 µm mesh. The final compositions were LAS/20 vol.% CNFs and LAS/40 vol.% Al 2 O 3 /20 vol.% CNFs.
Sintering and characterization
The powder samples were uniaxially pressed at 30 MPa and sintered using an SPS apparatus HP D 25/1 from FCT Systeme (Rauenstein, Germany) in a vacuum of 0.1 mbar. The powders were placed in a graphite die with an inner diameter of 20 mm and sintered at different temperatures for 1 min. The maximum applied pressure was 50 MPa, and a heating rate of 100
• C min −1 was used. The resulting materials were characterized for theoretical density, for apparent or relative density using the Archimedes method, and for absolute density using He pycnometry. The final density of the composites was calculated using the rule of the mixture and densities of 3.98 g cm −3 for alumina, 2.01 g cm −3 for CNFs and 2.40 g cm −3 for LAS. The fracture strength was measured via biaxial testing, employing the equations of Kirstein and Woolley [20] , Vitman and Pukh [21] , and the standard specification ASTM F394-78 [22] . Five samples were tested for each composition. All the tests were performed at room temperature using a universal machine Instron (Model 8562) with a cross-head displacement speed of 0.002 mm s −1 . The samples for fracture toughness analysis were polished to 1 µm roughness using a RotoPol-31 (Struers) polisher and diamond paste. The fracture toughness (K IC ) was determined using the indentation technique (Buehler, model Micromet 5103) with a conventional diamond pyramid indenter loaded to 98 N. The length of the cracks of each indentation was measured under an optical microscope. Ten diagonals were evaluated for each composition using the Evans-Charles equation [23] .
Fracture surfaces and polished cross sections of sintered samples were imaged by scanning electron microscopy (SEM, Zeiss DSM 950). The nanocomposite powders were characterized by x-ray diffraction (XRD), in the Bragg-Brentano geometry, using CuKα radiation at 40 kV and 30 mA (λ = 0.154 18 nm) and a Siemens D5000 diffractometer equipped with a tube monochromator. The measurements were performed in the angular range of 15-70
• with a step of 0.02
• and integration time of 0.3 s. The electrical resistivity of monolithic and composite materials was determined according to the ASTM C611 standard. The specimens were placed between two sheets of copper separated by 9.55 mm and connected to a power supply, and the current was set at 0.5 A. The coefficient of thermal expansion was measured with a dilatometer (Netzsch DIL402C). The dilatometer was coupled to a liquid nitrogen Dewar, enabling measurements between −150 and 450
• C. Figure 1 shows the XRD patterns of the starting powder mixture and a composite sintered at 1200
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• C, revealing that the β-eucryptite phase is present both the starting powders and the sintered composite. No reaction occurred between the LAS phase and CNFs, with β-eucryptite being the dominant crystalline phase of the LAS/CNFs composites. Negligible amounts of glassy phase were formed. Ni peaks were detected in the diffractogram and attributed to the catalyst that was used to grow the CNFs [19] . Glass phases were observed neither in the XRD diffractogram nor in the SEM images, which are described below (figure 2).
Samples sintered at 1150 and 1200
• C (panels c and d) have negligible porosity, while pores are observed in samples obtained at lower temperatures (1000 and 1100
• C--panels a and b, respectively), as marked by arrows. The pores are located inside LAS grains and between phases. No glassy phase is observed, confirming the XRD results. CNFs are homogeneously distributed around the LAS grains, preventing their growth, and resulting in a similar grain size (∼1 µm) of the LAS phase for all the sintering temperatures tested. As a result, even after adding 20 vol.% carbon phase, which is relatively weak in comparison with the ceramic matrix, the effect of microstructure control leads to an improvement in the mechanical properties of the composite. Table 1 lists the relative density, fracture strength, fracture toughness, electrical resistivity and thermal expansion coefficient of the LAS/20 vol.% CNFs materials sintered at different temperatures by SPS. The density and fracture strength significantly increase with sintering temperature, and the relative density of the composite sintered at 1200
• C is 99.7%. Thus, highly dense composites were prepared, the relatively low sintering temperatures hindered the formation of a glassy phase in the LAS system, and strengths increased as the composite density reached the theoretical density. Moreover, the addition of carbon nanofibers increased the fracture toughness--although the absolute toughness is moderate, it was improved by more than 30% as compared with that of the ad hoc synthesized β-eucryptite phase sintered by SPS at 1200
• C. Considering that the fracture strength of vitreous LAS is 10-15 MPa [4] , the fracture strength of the composite prepared at 1200
• C would be considerably lower if a glass phase was formed. The combination of heat and pressure applied by the SPS process and the dramatic reduction in cycle time allows densification without glass phase formation. Note the crucial role of sintering temperature: an increase of only 50
• C results in a 30% increase in the fracture strength. The electrical resistivity of LAS/CNFs composites is very low compared with that of LAS (108 cm); the values were similar under all the conditions tested and only depended on the composition of the material. The role of carbon nanofibers in SPS is essential, not only for the properties of the obtained material, but also for the sintering process itself. As the sample is heated by passing electric current through the graphite die, if the sample is an insulator, a temperature gradient is formed between the outer (in contact with the die wall) and inner parts of the sample. The presence of CNFs results in a homogeneous distribution of electric current through the sample avoiding or noticeably reducing temperature gradients. This control is particularly important for the materials studied in this work, wherein a temperature gradient could lead to glass formation in the hotter parts of a sample without complete densification of the colder regions.
The thermal expansion coefficients of the LAS/20 vol.% CNFs sintered samples with higher densities are listed in table 1. Figure 3 shows the elongation versus temperature curves for samples sintered at 1100, 1150 and 1200
• C revealing very low and weakly temperature dependent values.
The dilatometric curves of these composites are very similar. Therefore, the sintering temperature and small differences in density do not significantly affect the CTE value. The CTE in the LAS/20 vol.% CNFs system is almost constant between −150 and 450
• C. This temperature range is considerably wider than those scanned for most low-CTE materials (∼50
• C). Thus, the combination of two phases with positive and negative CTE resulted in a composite exhibiting a low CTE over a wide temperature range. In this composite, carbon nanofibers provide electrical conductivity, reduce total weight and allow the adjustment of the CTE value. These characteristics are required for applications such as space mirror blanks and other aerospace products. Figure 4 shows XRD patterns of the LAS/40 vol.% Al 2 O 3 /20 vol.% CNFs starting powder mixture and the composite sintered at 1300
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• C. They reveal that the main crystalline component is β-eucryptite, with no other LAS phases formed, and it is accompanied by α-alumina. Recent studies have corroborated the compatibility between alumina and the LAS composition studied in this work [24] . The stability of the phases during the sintering process (SPS) is essential for controlling the composition of the final material, and, therefore, its thermal expansion coefficient. Figure 5 shows fracture surfaces of LAS/40 vol.% Al 2 O 3 /20 vol.% CNFs nanocomposites sintered at different temperatures. The porosity of the samples sintered at low temperatures of 1100 and 1200
• C, which is higher than 10%, can be clearly observed in images a and b, respectively. The spark plasma sintering process has not been completed, as can be inferred from the rounded shape of the grains, which explains the low density of the samples. Images c and d indicate the full densification of the samples sintered at 1250 and 1300
• C, respectively. Image c shows that the grain size of LAS is about 1-1.5 µm, while that of alumina is in the nanometer range. As in the CNFs/LAS composites, carbon nanofibers are homogeneously distributed in the composite.
The incorporation of alumina as a third phase provides an interesting opportunity to optimize some properties of LAS-based materials, as dispersed alumina nanoparticles contribute to the CTE balance and improve the mechanical properties of a composite [24] . Table 2 shows the relative density, fracture strength, fracture toughness and electrical resistivity of the LAS/40 vol.% Al 2 O 3 /20 vol.% CNFs material sintered at different temperatures using SPS. The density and fracture strength significantly increased with temperature, particularly from 1200 to 1250
• C, when high densification is achieved. The comparison of fracture toughness values reveals the additive effect of alumina and carbon nanofibers on the LAS matrix: the toughness of the LAS/Al 2 O 3 /CNFs composite is more than twice higher than that of pure LAS, and is noticeably higher than that of the LAS/CNFs composite. Dense monolithic alumina can be obtained by SPS at relatively high temperatures of 1250-1300
• C. Therefore, the presence of 40 vol.% alumina raises the temperature required to reach densities higher than 99% of theoretical values in LAS/Al 2 O 3 /CNFs composites. As for electrical resistivity values, they are comparable in LAS/Al 2 O 3 /CNFs and LAS/CNFs materials, as expected. The electrical resistivity only depends on the CNFs content.
To complete the microstructural characterization of these materials, SEM images of the polished LAS/20 vol.% CNFs composite sintered at 1200
• C and the LAS/40 vol.% Al 2 O 3 /20 vol.% CNFs composite sintered at 1250
• C are shown in figure 6 . LAS, alumina and CNFs components are observed as gray, white and black features, respectively. The addition of reinforcing components allowed us the control of the LAS grain size, particularly in the three-phase composite. Thanks to the microstructure control and homogeneous • C. The measured elongation versus. temperature curves are shown in figure 7 and the thermal expansion coefficients are listed in table 2.
The CTE values in table 2 are positive, as expected from the composition, which was chosen to explore the effect of alumina addition rather than optimize the CTE value. The curves of figure 7 approximately follow the rule of mixtures, taking into account the individual CTE values for alumina, CNFs and LAS as (6-7, 4-5 and 0.8) ×10 −6 K −1 , respectively. In this composite, the sintering temperature affects the CTE via density. In particular, the CTE value decreases when the sintering temperature is increased from 1250 to 1300
• C which can be attributed to the change in the CTE value of the LAS component when it is sintered at relatively high temperatures. This effect has been studied for LAS materials prepared by pressureless sintering, and a similar effect can occur in SPS [18] . The change in the CTE value with temperature cannot be related to the effect of grain size or microcracking as proposed in [25, 26] , as such no increase in grain size was observed in our SPS samples.
The results of this work prove the possibility of preparing composites of LAS, Al 2 O 3 and CNFs with a controlled phase composition. This achievement allows us the design of materials with interesting properties, such as significant electrical conductivity, high fracture strength and controlled coefficient of thermal expansion: increasing the amount of CNFs and Al 2 O 3 fraction will improve the electrical conductivity and mechanical properties, respectively, while the content of LAS will determine the CTE value.
Conclusions
Dense LAS/CNFs and LAS/CNFs/Al 2 O 3 composites were fabricated by spark plasma sintering at relatively low temperatures. They exhibited superior mechanical properties and higher electrical conductivity than monolithic LAS materials. The CNFs component resulted in the homogeneous distribution of the electrical current and thereby hindered temperature gradients that can occur within the sample during sintering. As a result, a fully densified material was obtained without melting. The thermal expansion coefficients of these materials make them suitable for use in components with high dimensional stability. High fracture strength (>300 MPa) was achieved in the LAS/CNFs/Al 2 O 3 system. The non reactivity of LAS with carbon nanofibers and/or Al 2 O 3 facilitates tailoring of the composite properties.
